ϩ and, concurrently, induces necrotic injury in the same cells by increasing intracellular Ca 2ϩ and Na ϩ . The Na ϩ , K ϩ -ATPase inhibitor ouabain induced concentrationdependent neuronal death. Ouabain triggered transient neuronal cell swelling followed by cell shrinkage, accompanied by intracellular Ca 2ϩ and Na ϩ increase, K ϩ decrease, cytochrome c release, caspase-3 activation, and DNA laddering. Electron microscopy revealed the coexistence of ultrastructural features of both apoptosis and necrosis in individual cells. The caspase inhibitor Z-Val-Ala-Asp(OMe)-fluoromethyl ketone (Z-VAD-FMK) blocked Ͼ50% of ouabain-induced neuronal death. Potassium channel blockers or high K ϩ medium, but not Ca 2ϩ channel blockade, prevented cytochrome c release, caspase activation, and DNA damage. Blocking of K ϩ , Ca 2ϩ , or Na ϩ channels or high K ϩ medium each attenuated the ouabaininduced cell death; combined inhibition of K ϩ channels and Ca 2ϩ or Na ϩ channels resulted in additional protection. Moreover, coapplication of Z-VAD-FMK and nifedipine produced virtually complete neuroprotection.
These results suggest that the neuronal death associated with Na ϩ , K ϩ -pump failure consists of concurrent apoptotic and necrotic components, mediated by intracellular depletion of K ϩ and accumulation of Ca 2ϩ and Na ϩ , respectively. The ouabain-induced hybrid death may represent a distinct form of cell death related to the brain injury of inadequate energy supply and disrupted ion homeostasis.
Key words: Na
ϩ , K ϩ -ATPase; apoptosis; necrosis; hybrid death; potassium channel; calcium; caspase; cytochrome c; DNA fragmentation; ouabain; strophanthidin Apoptosis may play important roles in various disease states (Raff et al., 1993; Ameisen, 1994; Thompson, 1995; Reed, 1999) . Neuronal apoptosis occurs after an ischemic insult in the brain (Schumer et al., 1992; Chopp and Li, 1996; Du et al., 1996) and after spinal cord injury (Liu et al., 1997) . Apoptosis is controlled by an internally encoded suicide program executed by activation of endogenous proteases (caspases) and endonucleases (Vaux et al., 1994; Kroemer et al., 1995; Miura and Yuan, 1996) . Although multiple stimuli and signal pathways may contribute to apoptosis in a wide range of cell types, apoptotic cells share similar characteristic morphologies such as cell shrinkage, nuclear/chromatin condensation, internucleosomal cleavage of DNA, membrane blebbing, and formation of apoptotic bodies (Kerr et al., 1972; Wyllie et al., 1980; Mills et al., 1999) . In contrast, necrosis is distinct from apoptosis in both morphological and biochemical characteristics; it begins with the swelling of cell body and mitochondrial contents, followed by vacuolization of cytoplasm, irregular breakdown of nuclear DNA, rupture of the cell membrane, and cell lysis (Majno and Joris, 1995) .
The striking differences in cell volume changes imply that necrosis and apoptosis possess distinguishable ionic mechanisms. Excessive Ca 2ϩ and Na ϩ influx and their accumulation in the intracellular space are most likely responsible for cell swelling and necrotic death (Choi, 1988) . On the other hand, excessive K ϩ efflux and intracellular K ϩ depletion may play key roles in cell shrinkage, caspase/endonuclease activation, and apoptotic death (Beauvais et al., 1995; Bortner et al., 1997; Yu et al., 1997 Yu et al., , 1998 Dallaporta et al., 1998) .
Under the "apoptosis versus necrosis" classification, cell death is generally divided into these two categories; however, it is sometimes difficult to exclusively place a cell injury into either group. For example, the exact type of cell death after brain ischemia has been under debate (Deshpande et al., 1992; van Lookeren Campagne and Gill, 1996; Colbourne et al., 1999; Nicotera and Lipton, 1999) . Alternatively, it was suggested that these two processes can occur simultaneously in tissues or cell cultures that have been exposed to a toxic stimulus Leist et al., 1996; Shimizu et al., 1996) . These discussions dictate reassessment of "mixed cell death" as a heterogeneous entity combining both active and passive cell death (Hirsch et al., 1997; Yu et al., 1999a) . Consistently, recent evidence showed an in vivo "apoptosis-necrosis continuum" in excitotoxically lesioned rat brain (Portera-Cailliau et al., 1997) .
The present study extends this concept even further, showing, for the first time, the simultaneous appearance of apoptotic and necrotic features in individual cells destined to die after exposure to a Na ϩ , K ϩ -ATPase inhibitor. The Na ϩ , K ϩ -ATPase, or Na ϩ , K ϩ -pump, is a critical player in maintaining ionic homeostasis; blocking the Na ϩ , K ϩ -pump concomitantly reduces intracellular K ϩ and increases Ca 2ϩ and Na ϩ (Budzikowski et al., 1998; Balzan et al. 2000; Ferrandi and Manunta, 2000) . We demonstrate that loss of intracellular K ϩ and gain of Ca 2ϩ and Na ϩ are responsible for apoptotic and necrotic injuries in the same cells, respectively. The study of the ionic mechanisms of hybrid cell death further verified a key role for K ϩ in cytochrome c release, caspase activation, and DNA damage.
This work has been published previously in abstract form .
MATERIALS AND METHODS
Neocortical cultures. Near pure-neuronal cultures and mixed cortical cultures (containing neurons and a confluent glia bed) were prepared as described previously (Rose et al., 1993) . Briefly, neocortices were obtained at 15-17 d gestation from fetal mice. They were dissociated and plated onto a poly-D-lysine-and laminin-coated base (near-pure neuronal culture) or a previously established glial monolayer (mixed culture), at a density of 0.35-0.40 hemispheres/ml in 24-or 96-well plates or 35 mm dishes (Falcon, Primaria) depending on experimental requests. Cultures were maintained in Eagle's minimal essential medium (M EM; Earle's salts) supplemented with 20 mM glucose, 5% fetal bovine serum (FBS), and 5% horse serum (HS). For the pure neuron cultures, cytosine arabinoside (final concentration, 10 M) was added 3 d later to inhibit glial cell growth and cell division, and no medium change was performed until experiments on 11-12 d in vitro (DIV) or at a specified DIV. For the mixed cultures, medium was changed after 1 week to M EM containing 20 mM glucose and 10% HS, as well as cytosine arabinoside (10 M) to inhibit cell division. Glial cultures used for glia toxicity and for mixed cultures were prepared from dissociated neocortices of postnatal day 1-3 mice. C ells were plated at a density of 0.06 hemispheres/ml in Eagle's M EM containing 20 mM glucose, 10% FBS, 10% HS, and 10 ng /ml epidermal growth factor (EGF); a confluent glial bed was formed in 1-2 weeks. Neuronal identity was confirmed previously by Nissl staining and electrophysiological characteristics; the glial bed was identified by immunoreactivity for glial fibrillary acidic protein (Rose et al., 1993) .
Assessment of cell death. Neuronal cell death was assessed in 24-well plates by measuring lactate dehydrogenase (LDH) released into the bathing medium (M EM ϩ 20 mM glucose and 30 mM NaHC O 3 ), using a multiple plate reader (Molecular Devices, Sunny vale, CA), and confirmed by staining DNA with propidium iodide (PI) followed by quantification using a fluorometric plate reader (PerSeptive Biosystems, Framingham, M A). Validation of apoptotic or necrotic neuronal death using LDH release and PI staining has been performed previously (Gottron et al., 1997) . Neuronal loss is expressed as either a percentage of LDH released or fluorescence measured in each experimental condition normalized to the negative (sham wash) and positive controls (complete neuronal death induced by 24 hr exposure to 300 M NMDA or cell death induced by ouabain alone). There was no significant glial death detected by trypan blue exclusion in injury paradigms except with high concentrations of ouabain (see Fig. 1C ).
Cell volume assay. C ell volume was determined from the maximum cross-sectional area of a cell, assuming that the cell soma swells and shrinks in a spherical manner. This assumption has been validated in neocortical cultures, where cell volume changes measured directly, using optical sectioning techniques, were no difference from those calculated from the cross-sectional area (Churchwell et al., 1996) . Measurement of cross-sectional areas was performed using the MetaMorph Imaging System (Universal Imaging Corporation, West Chester, PA). Area values were normalized to sham controls, expressed as relative cell volume changes.
Caspase activit y assay. C aspase activity was measured as described previously by Armstrong et al. (1997) . Briefly, cultures were washed three times with PBS and lysed in 80 l of buffer A (10 mM H EPES, 42 mM KC l, 5 mM MgC l 2 , 1 mM DTT, 1% Triton X-100, 1 mM PMSF, 1 g /ml leupeptin, pH 7.4). Lysate (10 l) was combined in a 96-well plate with 90 l of buffer B (10 mM H EPES, 42 mM KC l, 5 mM MgC l 2 , 1 mM DTT, 1% Triton X-100, 10% sucrose, pH 7.4) containing fluorometric substrate (30 M) and incubated for 45 min at room temperature in the dark. Formation of fluorogenic product was determined in a cytofluor fluorometric plate reader by measuring emission at 460 nm with 360 nm excitation. C aspase-3-like activity was correlated with cleavage of -methylcoumarin (DEV D-AMC) (Thornberry et al., 1997) .
Cytochrome c release. C ytochrome c release from mitochondria was determined by Western blot. C ells were harvested by centrif ugation at 200 ϫ g for 10 min at 4°C. The cell pellets were then resuspended in 50 l of extraction buffer (220 mM mannitol, 68 mM sucrose, 50 mM PI PES-KOH, 50 mM KC l, 5 mM EGTA, 2 mM MgC l 2, 1 mM EDTA, 1 mM DTT, 10 g /ml leupeptin, 10 g /ml aprotinin, pH 7.4). After chilling on ice for 30 min, cells were homogenized by the Bio-Vortexer Mixer (No. 1083-MC, Research Products International, Mt. Prospect, IL). The homogenate was centrif uged at 750 ϫ g at 4°C and then at 8000 ϫ g for 20 min at 4°C. The 8000 ϫ g pellets were used to obtain the mitochondrial fraction. The supernatant was f urther centrif uged at 13,000 ϫ g for 60 min at 4°C. Protein concentrations were determined by the BCA protein assay kit (Pierce Inc., Rockford, IL). Approximately 15-35 g of protein extracts from cytosol or mitochondria were boiled for 5 min and analyzed on a 14% SDS-polyacrylamide electrophoresis gel and resolved under reducing condition for 90 min at 120 V. Separated proteins were then electroblotted onto poly vinylidene difluoride membranes at 130 mA for 60 min. C ytochrome c was detected using a monoclonal antibody to cytochrome c (PharMingen, San Diego, CA) at a dilution of 1:500. C ytochrome oxidase (C OX) was detected using 1 g /ml 20E8C12 C OX subunit IV monoclonal (Molecular Probes, Eugene, OR). Blots were developed using an alkaline phosphatase-conjugated secondary antibody (1:1000) and visualized using chromogenic substrates (ProtoBlot Western Blot AP System K it, Promega, Madison, W I). Western blot analysis of ␤-actin was performed with horseradish peroxidase-conjugated antimouse IgG reagents (Sigma Aldrich, St. L ouis, MO).
Determination of DNA f ragmentation. C ells were washed in PBS, resuspended in lysis buffer (10 mM Tris-HC l, 100 mM EDTA, 0.5% SDS, pH 8.0) for 5 min at room temperature, and then treated with Proteinase K (300 g /ml) for 2 hr at 50°C. DNA was precipitated overnight at 4°C by adding NaC l to a final concentration of 1 M. The lysate was centrif uged at 13,000 rpm for 1 hr at 4°C followed by extraction of DNA with phenol /chloroform /isoamyl alcohol (25:24:1). The total DNA contained in the aqueous phase was precipitated with isopropanol. The DNA pellet was washed twice with 70% ethanol and resuspended in TE buffer (10 mM Tris-C l, 1 mM EDTA, pH 7.4) containing RNase at 0.3 mg /ml. Aliquots (10 -15 g of DNA) were analyzed on a 1.5% Agarose gel that was run at 75 V for 3 hr. After electrophoresis and staining with ethidium bromide, the gel was visualized under ultraviolet light and photographed.
Cellular ion measurements. Intracellular K ϩ content was measured using a K ϩ -sensitive electrode and inductively coupled plasma mass spectrometry (IC P-MS). Intracellular C a 2ϩ and Na ϩ contents were measured by IC P-MS. The IC P-MS technique has been used for determination of trace elements in various materials, including biological samples (Ejima et al., 1999) .
The mixed and pure neuronal cortical cultures were washed three times at the indicated times with a K ϩ -free, Na ϩ -free, or C a 2ϩ -free solution containing 120 mM N-methyl-D-glucamine (NMDG), 2 mM MgC l 2 , 10 mM glucose, and 10 mM H EPES, pH 7.3. Immediately after removal of the wash solution, 0.1% Triton X-100 (25-50 l) was added to each well, and solutions from four wells were combined for measurement in triplicate. Comparable cell density in wells was confirmed by protein content measured by the BCA protein assay kit (Pierce), and the ion measurements were normalized to the protein content.
For IC P-MS assay, 1% nitric acid was added to a final volume of 1 ml, and the sample was digested with a CEM 950 W model 2100 Microwave (CEM Corporation, Matthews, NC). The analyses were performed with a Finnigan Element HR-IC P-Mass spectrometer (Bremen, Germany). Indium was used as an internal standard to compensate for changes in analytical signals during the operation. Analytical conditions and performance of the instrument specific to Na ϩ , Ca 2ϩ , and K ϩ are summarized in Table 1 . Standards of different concentrations were used for construction of the calibration curves for Na ϩ , Ca 2ϩ , and K ϩ assays. Data were corrected for the microwave blank, dilution, and volume of original sample.
Calcium imag ing. Intracellular free C a 2ϩ ([C a 2ϩ ] i ) in neuronal cell bodies was measured using ratiometric fluorescence imaging with Fura-2 AM (Teflabs, Houston, TX). Fura-2 AM (5 M) was bath loaded into neurons at 37°C for 1 hr followed by another hour of incubation at room temperature. Fluorescent cells were imaged on an inverted microscope (Nikon Diaphot, Nikon, Melville, N Y) using a 40ϫ, 1.3 numerical aperture (NA) fluorite oil immersion objective (Nikon) and a cooled charge-coupled device camera (Sensys, Photometrics, T ucson, AZ). A 75 W xenon arc lamp was used to provide fluorescence excitation. Ratio images were obtained by acquiring pairs of images at alternate excitation wavelengths (340/380 nm) and filtering the emission at 510 nm. Image acquisition and processing were controlled by a computer connected to the camera and filter wheel, using the commercial software Metafluor (Universal Imaging Corporation). A background image for each wavelength was acquired from a field lacking fluorescent neurons and subtracted from each pair of fluorescent images. The actual C a 2ϩ in the region of interest was calculated from the formula:
(224 nM); R is the average ratio of fluorescence intensity at 340 and 380 nm wavelength in the region of interest; R max and R min are the ratios at saturating C a 2ϩ and zero C a 2ϩ , respectively; B is the ratio of the fluorescence intensity of the 380 nm wavelength at zero and saturating Ca 2ϩ (Grynkiewicz et al., 1985) . R min , R max , and B for Fura-2 on our microscope were determined by imaging a droplet (20 l) that evenly filled the microscopic field and contained 0 or 2 mM Ca 2ϩ , 25 M Fura-2/ K ϩ , and an artificial intracellular solution. The concentration of Fura-2 in the calibration solution was selected to provide fluorescence intensity similar to that of dye-loaded neurons.
Electron microscopy. Cultures in 35 mm dishes were fixed in glutaraldehyde (1% glutaraldehyde, 0.1 M sodium cacodylate buffer, pH 7.4) for 30 min at 4°C, washed with 0.1 M sodium cacodylate buffer, and post-fixed in 1.25% osmium tetroxide for 30 min. C ells were then stained en bloc in 4% aqueous uranyl acetate for 1 hr, dehydrated through a graded ethanol series, embedded in Poly/ Bed 812 resin (Polysciences Inc., Warrington, PA), and polymerized in a 60°C oven overnight. Thin sections (62 nm) were cut on a Reichert Ultracut Ultramicrotome (Mager Scientific, Dexter, M I), mounted on 150-mesh copper grids, and post-stained in uranyl acetate and Reynold's lead citrate. Sections were photographed using a transmission electronic microscope (Z eiss 902, L EO Electronic).
Chemicals. The caspase inhibitor Z-VAD-FM K and an inactive analog N-benzyloxycarbonyl Phe-Ala fluoromethylketone (Z FA) were obtained from Enzyme Systems Products (Dublin, CA); the colorimetric substrate Ac-DEV D-AMC and the caspase-1 inhibitor Boc-Asp(OBzl)-C M K were purchased from C albiochem (San Diego, CA); M K-801 and nifedipine were from RBI (Natick, M A). All other chemicals were purchased from Sigma Aldrich.
Statistics. We used Student's two-tailed t test for comparison of two experimental groups; multiple comparisons were done using one-way ANOVA followed by Dunnett's test for comparison with a single control group, or by the T ukey or Student-Newman -Keuls test for multiple pairwise comparisons. We report mean values Ϯ SEM; changes were identified as significant if the p value was Ͻ0.05.
RESULTS

Effect of ouabain on pure-neuronal and pure-glial cultures
Ouabain toxicity was first examined in the pure-neuronal cultures. Because ouabain induces membrane depolarization and may indirectly cause excitotoxicity attributable to an enhanced glutamate release, the NMDA receptor antagonist MK-801 (1 M) was coapplied with ouabain. In the presence of MK-801 alone, LDH release was within the normal range of ϳ50 U/ml (34 Ϯ 9 U/ml in sham controls and 61 Ϯ 7 U/ml after 24 hr in MK-801; 453 Ϯ 21 U/ml LDH was released by the full-kill insult of 300 M NMDA in sister cultures; n ϭ 8 cultures for each group). After 10 -15 hr incubation with ouabain (80 M) and MK-801 (1 M), no cell death was detected. However, there was a decrease in cell volume (the maximum cross-sectional area was decreased by 11 Ϯ 1% from 231.5 Ϯ 4.3 to 205.6 Ϯ 5.0 m 2 ; n ϭ 50 cells; p Ͻ 0.05) and a marked K ϩ depletion in the cytosolic compartment (72 Ϯ 10% loss; n ϭ 3 measurements; p Ͻ 0.05), which was attenuated by the K ϩ channel blocker tetraethylammonium (TEA) (5 mM; K ϩ loss was reduced to 42 Ϯ 4%; n ϭ 3; p Ͻ 0.05). By 20 hr with ouabain, neurons shrank by 18 Ϯ 1% (the cross-sectional area ϭ 189.8 Ϯ 4.7 m 2 ; n ϭ 50; p Ͻ 0.05) ( Fig. 1 A) . A 24 hr exposure to 80 M ouabain and 1 M MK-801 induced 30 Ϯ 5% cell death (n ϭ 8 cultures). Twenty-four hours after the exposure and after three washes, the protein content in culture wells treated with ouabain was similar to sham controls (1.7 Ϯ 0.2 and 1.3 Ϯ 0.2 mg/ml for ouabain and control groups; n ϭ 3; p Ͼ 0.05), confirming that there was no cell detachment induced by the ouabain treatment as reported in certain epithelial cells (Contreras et al., 1999) .
The broad-spectrum caspase inhibitor Z-VAD-FMK (100 M), which completely blocked caspase-3 cleavage (Polverino and Patterson, 1997) (also see Fig. 5 ), attenuated 62 Ϯ 7% of ouabaininduced neuronal death (Fig. 1 B) . On the contrary, ZFA (100 M), an inactive Z-VAD-FMK analog, showed no significant protection against ouabain-induced cell death (data not shown). The large effect of Z-VAD-FMK suggested that there was a significant apoptotic component in ouabain toxicity, but also indicated a component insensitive to caspase blockade. Consistent with a major role of K ϩ loss in ouabain toxicity, TEA (5 mM) and elevated extracellular K ϩ concentration (from 5 to 25 mM) attenuated the neuronal death (Fig. 1 B) . The L-type Ca 2ϩ channel antagonist nifedipine (1 M) also showed marked neuroprotection against ouabain toxicity, suggesting a Ca 2ϩ influxmediated injury component (Fig. 1 B) .
In contrast to neurons, glial cells were less sensitive to ouabain. As assessed by LDH release or PI staining, ouabain exposure for 48 hr at concentrations up to 200 M showed no toxic effects on pure glial cultures (Fig. 1C) . This observation is consistent with reports that the ␣3 isoform of Na ϩ , K ϩ -ATPase, which exhibits high affinity for ouabain, is expressed in neurons but not in glial cells (McGrail et al., 1991; Watts et al., 1991) . The selective neuronal injury by ouabain at low concentrations allowed us next to examine ouabain-induced neuronal death in cortical neuronglia cultures, a condition more closely mimicking the in vivo environment.
Ouabain induced cell volume changes and neuronal death in neuron-glia cultures
Ouabain reduced neuronal viability in cortical neuron-glia cultures in a concentration-dependent manner (Fig. 2 A) . MK-801 (1 M) was coapplied to prevent glutamate-induced excitotoxicity. Because MK-801 itself may trigger apoptotic death (Takadera et al., 1999) , we verified that 1 M MK-801 alone caused little or negligible cell death after 24 hr under our experimental condition (LDH release ϭ 67 Ϯ 10 and 48 Ϯ 10 U/ml in sham control sister cultures and MK-801-treated cultures, respectively; n ϭ 8; p Ͼ 0.05). Ouabain concentrations of either 80 or 100 M, which induced 40 Ϯ 3% (n ϭ 16) and 48 Ϯ 7% (n ϭ 16) neuronal death, respectively, were used in subsequent experiments. After adding 80 M ouabain plus 1 M MK-801 for 24 hr and washing three times, the protein content was similar in sham and ouabain groups (5.8 Ϯ 0.5 and 6.3 Ϯ 0.8 mg/ml, respectively; n ϭ 16; p Ͼ 0.05), so ouabain did not cause cell detachment in either pure-neuronal cultures (see above) or in neuron-glia cultures.
Cells started to swell 0.5 hr after 80 M ouabain plus 1 M MK-801 was added, and they reached peak size in 1-2 hr (111.1 Ϯ 2.3% of the control cross-sectional area; n ϭ 150 cells; p Ͻ 0.05) (Fig. 3A) . Cell swelling was followed by a gradual volume decrease over the next 22 hr incubation with ouabain and MK-801; the cross-sectional area decreased by 13.7 Ϯ 1.8 and 30.0 Ϯ 1.7%, 10 and 24 hr after ouabain exposure, respectively (n ϭ 100 and 150 cells; p Ͻ 0.05) (Fig. 3A) . This cell body shrinkage suggested a possible apoptotic component to ouabain toxicity.
During ouabain incubation, there was a drastic decrease in intracellular K ϩ content (Fig. 3B) ; 85 Ϯ 2% of cellular K ϩ was depleted 10 -15 hr after adding 80 M ouabain (cellular K ϩ content was 20.4 Ϯ 1.4 and 3.9 Ϯ 0.6 g/mg protein for sham control and ouabain-treated cells, respectively; n ϭ 3 and 4; p Ͻ 0.05). The K ϩ channel blocker TEA (30 mM) antagonized the ouabain-induced cell volume decrease and cellular K ϩ depletion (Figs. 2 B, 3A, B) . The cell shrinkage was also blocked by Z-VAD-FMK (Fig. 3A) and the caspase-1 inhibitor Boc-Asp(Obzl)-CMK (BACMK; 100 M) (surface area was 97.8 Ϯ 1.2% of controls after 10 hr in ouabain plus BACMK; p Ͼ 005 compared with the control volume). BACMK, however, did not prevent the ouabaininduced neuronal death after 24 hr incubation (data not shown).
Ouabain simultaneously increased intracellular Ca 2ϩ content by 39 Ϯ 16% (Ca 2ϩ ϭ 2.7 Ϯ 1.7 and 3.8 Ϯ 0.4 g/mg protein in control and ouabain-treated cells, respectively; n ϭ 6; p ϭ 0.05) measured by the ICP-MS method 15 hr after adding ouabain. Examined by Fura-2 fluorescence videomicroscopy, ouabain induced a time-dependent increase in [Ca 2ϩ ] i . Starting at ϳ30 min after exposure, the [Ca 2ϩ ] i level climbed continuously until it reached a plateau level at ϳ90 min ([Ca 2ϩ ] i ϭ 70 Ϯ 4 and 157 Ϯ 6 nM in sham control and ouabain-treated cells, respectively) (Fig.  3C) . The ouabain-induced [Ca 2ϩ ] i increase was largely blocked by 1 M nifedipine (Fig. 3C) ] i increase not blocked by nifedipine could be mediated by other pathways such as Na ϩ -Ca 2ϩ exchange or release from intracellular stores. As expected, ouabain incubation (10 -15 hr) also increased intracellular Na ϩ content by 58 Ϯ 13% (Na ϩ ϭ 12.8 Ϯ 20.2 and 20.2 Ϯ 1.5 g/mg protein in control and ouabain-treated cells; n ϭ 5; p Ͻ 0.05; ICP-MS method). Qualitatively and quantitatively, these ouabain-induced alterations in ionic homeostasis are consistent with previous reports (Archibald and White, 1974; Lijnen et al., 1986; Ahlemeyer et al., 1992) .
Ouabain-induced cytochrome c release, caspase activation, and ultrastructural changes
Cytochrome c release from mitochondria is a critical apoptotic event; this apoptotic process was triggered by ouabain. The ouabain-elicited cytochrome c release was markedly attenuated by TEA (30 mM) or 25 mM K ϩ medium but was not reduced by the Ca 2ϩ channel antagonist nifedipine (1 M) (Fig. 4) . Consistent with cytochrome c release, ouabain treatment induced activation of caspase-3-like proteases. The caspase activity started rising after 15 hr in 80 M ouabain and peaked after 24 hr incubation (Fig. 5) . Caspase-3 activation was eliminated by addition of the caspase inhibitor Z-VAD-FMK (100 M) (Fig. 5) ; it was also attenuated by the K ϩ channel blocker TEA, but not by nifedipine (Fig. 5) . In fact, addition of nifedipine accelerated the process of caspase-3 activation by several hours, so that it peaked by 20 hr (Fig. 5) . This phenomenon and an increased cytochrome c release observed when nifedipine was added together with TEA (Fig. 4) are consistent with the hypothesis that low [Ca 2ϩ ] i may endorse apoptosis (Yu et al., 2001) . Further support for an apoptotic contribution to ouabain-induced death is the appearance of the characteristic DNA fragmentation (DNA laddering) 20 -24 hr after the onset of ouabain treatment (Fig. 6) . Consistently, DNA laddering was prevented by coapplied TEA or Z-VAD-FMK, but not by nifedipine (Fig. 6) .
Although all of these morphological and biochemical features are consistent with apoptosis, the caspase inhibitor Z-VAD-FMK, at a concentration (100 M) that completely and persistently prevented caspase-3 activation (Polverino and Patterson, 1997) (Fig. 5) , blocked only 61 Ϯ 7% (n ϭ 16) and 65 Ϯ 4% (n ϭ 44) of ouabain-induced cell death in pure-neuronal and neuronglia cultures, respectively (Figs. 1 B, 7A) . The incomplete block of cell death implied that a caspase-independent component, likely necrosis, additionally contributed to ouabain toxicity.
To better characterize ouabain-induced neuronal death, electron microscopy (EM) was used to examine ultrastructural alterations. To follow the time course of morphological alterations, we examined neurons subjected to 2, 5, and 10 hr incubation with ouabain (100 M) and MK-801 (1 M). Apoptotic changes such as nuclear condensation appeared early; meanwhile, necrotic alterations such as swelling of organelles and cytoplasm, formation of vacuoles, and disruption of membranes were also developed at early hours, suggesting that the two injurious pathways developed in parallel in ouabain toxicity (Fig. 8) . After 15-20 hr exposure to ouabain, apoptotic features such as highly condensed pyknotic nuclei and dense chromatin masses were evident. Prominent necrotic features, including numerous lucent cytoplasmic vacuoles of different sizes, disruption of cellular organelles, and loss of plasma membrane integrity were also present in the same cells (Fig. 9) . These mixed features of apoptosis and necrosis, referred to as hybrid death, were found in most injured cells, although there were variations in the extent of a particular change.
Consistent with the hybrid cell death mediated by separate ionic mechanisms, damaged neurons showed dominant apoptotic morphology when the Ca 2ϩ channel antagonist nifedipine was coapplied with ouabain. On the other hand, when K ϩ efflux was attenuated by 25 mM K ϩ medium during ouabain application, EM ; on the other hand, it was not affected by nifedipine (1 M). COX in mitochondrial fraction and its absence in cytosolic fraction demonstrated that the intact mitochondria separated from cytosol in our analysis. The ␤-actin analysis was performed as an internal control. The results shown are representative of three independent experiments. When nifedipine was combined with TEA, there appeared to be more cytochrome c release into the cytosol compared with the release with TEA alone, suggesting that the membrane depolarization induced by TEA might facilitate the voltage-dependent block of Ca 2ϩ channels by dihydropyridine derivatives such as nifedipine (Sanguinetti and Kass, 1984) and thus might be favorable for a low Ca 2ϩ stimulated apoptotic process (Yu et al., 2001 ). Figure 5 . Effects of TEA and nifedipine on ouabain-induced caspase-3 activation. Caspase-3 activity was correlated with the cleavage of the specific substrate DEVD-AMC. In sham control experiments, caspase-3 activity was stable at a low level for 25 hr (f). Incubation with 80 M ouabain increased the caspase activity in a time-dependent manner (F); the increase was blocked by Z-VAD-FMK (100 M) (ࡗ) and TEA (30 mM) () but not by nifedipine (1 M) (OE). Nifedipine even appeared to accelerate the process of caspase activation. n ϭ 3-5 independent measurements for each time point. *p Ͻ 0.05 compared with sham controls at the same time points. examination revealed typical necrotic alterations in most cells (Fig. 9) .
Ionic mechanisms underlying ouabain-induced hybrid cell death
Cellular K ϩ homeostasis is maintained by K ϩ efflux and K ϩ uptake mechanisms. In the presence of MK-801, the major pathway for K ϩ efflux from neurons is the family of the TEA-sensitive, noninactivating delayed rectifier I K channels, whereas the Na ϩ , K ϩ -ATPase is responsible for moving K ϩ back into the cell from the extracellular space. We reasoned and demonstrated above that as long as K ϩ efflux was prevented throughout the ouabain treatment, there would be no marked cellular K ϩ loss even if the Na ϩ , K ϩ -pump were blocked. Therefore, should K ϩ efflux and cellular K ϩ depletion be key steps in apoptosis, blocking K ϩ channels would be able to attenuate ouabain-induced cell death. As expected, the K ϩ channel blocker TEA (30 mM) or tetrapentylammonium (TPeA; 10 M) significantly reduced ouabaininduced cell death (28.9 Ϯ 4.3 and 65.4 Ϯ 6.5% reduction for the TEA and TPeA groups, respectively) (Fig. 7B) . Consistent with this finding, ouabain induced much less cell death (43% reduction; n ϭ 28) in 25 mM K ϩ medium than in the control medium of 5 mM K ϩ (Fig. 7C) . To verify the involvement of Na ϩ , K ϩ -ATPase in neurotoxicity, we tested another selective Na ϩ pump inhibitor, strophanthidin (Balzan et al., 2000) . Strophanthidin (800 M) induced ϳ40% neuronal death in 24 hr; the cell injury measured by LDH release was reduced from 273 U/ml to 160 U/ml (41 Ϯ 1% reduction; n ϭ 8; p Ͻ 0.05) by 100 M Z-VAD-FMK, and to 217 U/ml by 25 mM extracellular K ϩ (21 Ϯ 1% reduction; n ϭ 8; p Ͻ 0.05), respectively. These results confirmed that Na ϩ pump failure caused a K ϩ efflux-related and caspase-dependent apoptotic injury. channel antagonist nifedipine (1 M; n ϭ 23) or Na ϩ channel blocker tetradotoxin (TTX) (1 M; n ϭ 8) reduced ouabaininduced cell death by 43 Ϯ 8 and 32 Ϯ 5%, respectively (Fig. 7D) . We then compared the protective effects of these channel blockers alone and in combination with Z-VAD-FMK. Virtually complete protection was achieved when nifedipine was coapplied with Z-VAD-FMK (Figs. 2 B, 7D) . Combined application of TTX and Z-VAD-FMK also brought out additional neuroprotection (Fig.  7D) , suggesting a role for Na ϩ influx, although less imperative than Ca 2ϩ influx, in necrotic death. Combination of TEA or 25 mM K ϩ with nifedipine did not produce full protection, in line with the incomplete block of K ϩ depletion and some residual caspase-3 activity in the presence of TEA (Figs. 3B, 5) . In agreement with this, Z-VAD-FMK enhanced the protective effect of 30 mM TEA (Fig. 7B ). Higher concentrations of TEA were toxic and not tested further.
Young cells are more vulnerable to apoptosis. For example, staurosporine induced no appreciable apoptosis in cultured cortical neurons older than 16 -17 DIV , which is consistent with the lack of upmodulation of I K current in these cells (Yu et al., 1997) . However, older cortical neurons (16 DIV) exhibited even higher vulnerability to ouabain toxicity; 80 M ouabain, in the presence of 1 M MK-801, triggered 75% neuronal death in these cells compared with Ϯ40% death in 11-12 DIV neurons. This enhanced toxicity was unlikely caused by MK-801; the putative pro-apoptotic effect of MK-801 diminishes in cortical neurons older than 12 DIV (Kim-Han et al., 1999) . The death in 16 DIV cultures was reduced by approximately one-half by Z-VAD-FMF (100 M), TEA (30 mM), elevated extracellular K ϩ (25 mM K ϩ ), or nifedipine (1 M) (n ϭ 12 for each treatment; p Ͻ 0.05 compared with sham controls). Therefore, ouabain triggered ionic disruption and accordant hybrid death in young and old neurons.
Ouabain-induced death in low Ca
2؉ , low Na ؉ conditions
In the ischemic brain, extracellular Ca 2ϩ and Na ϩ concentrations decline to levels as low as 0.1 and 30 -50 mM, respectively (Siesjo, 1992; Xie et al., 1994; Kristian and Siesjo, 1996) . We suspected that under such conditions, in conjunction with insufficient energy supply, apoptosis might become the dominant form of neuronal death. To model this pathological condition, we tested the effect of ouabain in a low Ca 2ϩ (0.1 vs 1.5 mM CaCl 2 ) or low Na ϩ (60 vs 120 mM NaCl) medium. Osmolarity was adjusted by adding N-methyl-D-glucamine and HCl to the medium, pH 7.4. Incubation for 3-5 hr with this medium alone did not reduce cell viability 24 hr after the onset of incubation. Adding 80 M ouabain during the few hours of incubation, however, caused significant (ϳ50%) neuronal death in 24 hr. Most of the cell death was blocked by Z-VAD-FMK, suggesting apoptosis-dominated death under these conditions (Fig. 10) . Consistent with this, reducing K ϩ efflux by raising the extracellular K ϩ concentration blocked ϳ80% of the cell death in either medium (Fig. 10) . Nifedipine, added to the low Ca 2ϩ /high K medium, provided no additional protection, consistent with the already reduced Ca 2ϩ influx. Under these conditions, TTX further promoted cell survival by blocking Na ϩ influx (Fig. 10) . Nifedipine provided extra protection in the low Na ϩ /normal Ca 2ϩ medium, where Ca 2ϩ influx might still normally occur (Fig. 10) .
DISCUSSION
Collective evidence agrees that blocking Na ϩ , K ϩ -ATPase induces a mixed neuronal death with features of both apoptosis and necrosis. The caspase-mediated apoptotic component is associated with K ϩ channel activation, K ϩ efflux, and cellular K ϩ loss, whereas the nifedipine-blocked Ca 2ϩ -associated cell injury is caspase independent. In this context, the protective effect of blocking Na ϩ channels may be mediated indirectly by reducing the reversed Na ϩ -Ca 2ϩ exchange activity, thereby preventing a secondary [Ca 2ϩ ] i increase. Although ouabain-induced apoptosis has been reported in a few previous studies (Olej et al., 1998; Verheye-Dua and Bohm, 2000) , this investigation provides the first evidence of a mixed death in ouabain toxicity. Despite the emerging idea of an overlap of necrosis and apoptosis in tissues and cell cultures (Toescu 1998) , current popular opinion associates these different processes with separate subgroups of cells or consecutive events (e.g., necrosis followed by apoptosis) (Lipton and Nicotera 1998) (Fig. 11) . The present study establishes the concept and a model of hybrid death as concurrent necrosis and apoptosis in single cells throughout the death process (Fig. 11) .
The Na ϩ , K ϩ -ATPase is present in all mammalian cells. The activity of Na ϩ , K ϩ -ATPase in brain cortical glial cells should have a significant impact on the microenvironment surrounding neurons and their ionic homeostasis. Glial cells express ␣1 and ␣2 isoforms of Na ϩ , K ϩ -ATPase; the lack of the ␣3 isoform of high ouabain affinity explains the low ouabain toxicity in glial cultures (McGrail et al., 1991; Watts et al., 1991) . Although our experiments using mixed cultures do not completely exclude interference from glial cells, it is unlikely that glia have much effect on the nature of hybrid injuries. The digitalis glycoside, ouabain, has endogenous analogs with intrinsic regulatory properties in vertebrate physiology (Budzikowski et al., 1998; Ferrandi and Manunta, 2000) . In rats and humans, "endogenous ouabain" has been detected in all tissues tested (Hamlyn et al., 1996) . The level of endogenous ouabain in circulation increases on exposure to stress signals such as hypertension and hypoxia/ischemia (Bagrov et al., 1994; De Angelis and Haupert, 1998; Ferrandi and Manunta, 2000) . Accordingly, the Na ϩ , K ϩ -ATPase activity in the ischemic heart, brain, and other organs decreases (Lees, 1991; Bundgaard et al., 1997) . Ouabain sensitized human and rodent tumor cells to tumor necrosis factor (TNF)-induced apoptosis (Penning et al., 2000) , enhanced irradiation-induced apoptosis in human cell lines of defined tumor protein p53 status (Verheye-Dua and Bohm, 2000) , and potentiated anti-Fas-induced apoptosis (Bortner et al., 2001) . Thus Na ϩ , K ϩ -ATPase plays an imperative role in apoptosis induced by different insults in different cells.
We and others have shown that excessive K ϩ efflux mediated by K ϩ channels or NMDA receptor channels is a key event in the apoptotic cascade (Yu et al., 1997 (Yu et al., , 1999a Colom et al., 1998; Wang et al., 1999; Krick et al. 2001) . Cellular K ϩ depletion is likely a prerequisite for activation of two apoptotic mediators: caspases and endonucleases (Dallaporta et al., 1999; Hughes and Cidlowski, 1999; Yu et al., 1999b; Wang et al., 2000) . In the experiment with pure-neuronal cultures, 10 -15 hr ouabain incu- Figure 7 . Block of ouabain-induced cell death in cortical neuron-glia cultures. Ouabain-induced neuronal death in cortical cultures containing neurons and a glial bed was measured by LDH release after 24 hr exposure and normalized to the cell death induced by 80 M ouabain. A, The broad-spectrum caspase inhibitor Z-VAD-FMK (100 M) blocked 65 Ϯ 4% of cell death, whereas its negative control ZFA (100 M) showed no significant protection ( p ϭ 0.16). B, Potassium channel blocker TEA (30 mM) or TPeA (10 M) partly reduced the ouabain-induced neuronal death; coapplied 1 M nifedipine or 100 M Z-VAD-FMK provided extra protection. TPeA showed substantial protection, presumably because of its additional nonspecific block on Ca 2ϩ channels . C, Elevated extracellular K ϩ (25 mM KCl) attenuated ouabain-induced death; additional protection was obtained with coapplied Ca 2ϩ channel antagonist 2 M gadolinium (Gd 3ϩ ) or 1 M nifedipine. D, Nifedipine (1 M) or the Na ϩ channel blocker TTX (1 M) also partially prevented the ouabain toxicity. Maximal neuroprotection was achieved by combining nifedipine with Z-VAD-FMK. n Ն 12 for each column except for ZFA and TTX (n ϭ 8). *p Ͻ 0.05 compared with ouabain alone; **p Ͻ 0.05 compared with ouabain plus one treatment.
bation induced an 11% volume decrease, whereas cells lost 72% of their K ϩ , implying that intracellular K ϩ concentration was likely decreased by ϳ61%. Presuming that resting intracellular K ϩ concentration is 140 mM and acts as the predominant element for cell volume regulation and that water loss is proportional to the volume loss, the K ϩ concentration would be reduced to ϳ55 mM by the ouabain treatment, consistent with the values (50 -56 mM) reported by others in cells undergoing apoptosis (Barbiero et al., 1995; Hughes et al., 1997) .
Blocking K ϩ efflux prevented cytochrome c release, caspase-3 activation, and DNA laddering, placing cellular K ϩ loss before these apoptotic steps. It reinforces the notion that K ϩ acts as an endogenous modulator of several checkpoints (e.g., cytochrome c release, caspase cleavage, and endonuclease activation) in the apoptotic cascade. Recent progress suggests that programmed cell death such as that induced by apoptosis-inducing factor (AIF) may be independent of Apaf-1, cytochrome c, and caspases (Joza et al., 2001) . Interestingly, the endonuclease activation and DNA damage in AIF-induced programmed death are still K ϩ dependent (Dallaporta et al., 1998) , suggesting that the K ϩ mechanism may control different forms of programmed death that contribute to the hybrid cell death. A nonapoptotic programmed cell death induced by expression of insulin-like growth factor I receptor was reported recently (Sperandio et al., 2000) . This type of cell death, although related to caspase-9 activation and protein synthesis, lacks almost all morphological features of apoptosis, suggesting that it is not linked to cellular K ϩ depletion and may be a distinct form of cell death different from the hybrid death observed in this study.
The major anti-apoptotic members of the Bcl-2 family, Bcl-2 or Bcl-x1 , show protective effects against apoptosis induced by blocking the Na ϩ , K ϩ -pump (Gilbert and Knox, 1997; Kawazoe et al., 1999) , presumably because of an enhanced pump activity and maintaining sufficient mitochondrial ATP/ADP exchange to sustain coupled respiration (Gilbert and Knox, 1997; Vander Heiden et al., 1999) . Thus, the Bcl-2 family may have a significant influence on apoptosis as well as the mixed form of cell death. Because the K ϩ mechanism has been demonstrated in apoptosis induced by receptor and nonreceptor associated insults (Hughes and Cidlowski, 1999; Penning et al., 2000; Bortner et al., 2001) , it is conceivable that the apoptotic components associated with either cytochrome c/caspase-3 cascade or "death receptors," such as the TNF-␣ pathway, may both be able to intervene in hybrid cell death.
The broad-spectrum caspase-inhibitor Z-VAD-FMK prevented the ouabain-induced cell volume decrease, in agreement with observations of some groups Lang et al., 2000; Nobel et al., 2000) but in contrast to results from others (Maeno et al., 2000; Yu and Choi, 2000) . This discrepancy may imply a role for specific caspases, but not caspase-3 (see below), in cell volume regulation. For example, the apoptotic cell shrinkage induced by etoposide or methylprednisolone is blocked by caspase-1 inhibitors in thymocytes . Because casapase-1 activity is relatively uninfluenced by K ϩ Yu et al., 1999b) , its activation may occur in the absence of excessive K ϩ efflux and cell shrinkage. Our data with the caspase-1 inhibitor BACMK suggest that this particular caspase may be activated early and plays an important role in neuronal apoptotic shrinkage. On the other hand, caspase-3 activation is a relatively delayed event (15 hr later), after cellular K ϩ depletion and cell shrinkage but still before the cell death measured by LDH release. Surprisingly, BACMK did not show Figure 8 . Morphological changes of hybrid cell death at early time points of ouabain exposure. EM images reveal ouabain-induced ultrastructural alterations in cortical neurons; morphology of a normal neuron can be seen in Figure 9 . A, Two hours after adding 100 M ouabain plus 1 M MK-801, some cells started to show signs of nuclear changes; the electron micrograph shows an irregular shape of the nucleus, implying a volume decrease. Meanwhile, swelling mitochondria were observed in many cells. B, Apoptotic features such as nuclear shrinkage and condensation of the nuclear chromatin were advanced after 5 hr in ouabain. Necrotic changes such as cytoplasm swelling, formation of vacuoles, and disruptions of cellular organelles and the plasma membrane also appeared at earlier hours. The two cells shown in this micrograph represent different stages of morphological changes observed at this time. C, Ten hours after onset of ouabain exposure, injured cells with highly condensed nuclei, chaotic cytoplasm, and disrupted plasma membrane were easily detected. Scale bar, 3.0 m. N, Nucleus; C, cytoplasm; M, mitochondria; V, vacuole.
any neuroprotective effect against ouabain toxicity. The explanation for the dissociation of BACMK action on cell volume and cell death is obscure and deserves future investigation.
Increases in [Ca 2ϩ ] i may trigger apoptosis (Lipton and Nicotera 1998; Toescu 1998 (Yu et al., 1997) . The discrepancy may be attributable to the fact that apoptosis can be mediated by multiple pathways and that apoptotic mechanisms differ by cell types. For example, in M1 myeloid leukemia cells, Ca 2ϩ -mobilizing compounds like the Ca 2ϩ ionophore A23187 and the endoplasmic reticulum Ca 2ϩ -ATPase inhibitor thapsigargin can either suppress or induce apoptosis, depending on activation of different signal transduction pathways (Lotem et al., 1999) . In cerebellar granule cells and vascular smooth muscle, the Na ϩ /K ϩ ratio, rather than K ϩ concentration or ionic strength, was proposed to determine the outcome of an apoptotic insult (Isaev et al., 2000; Orlov et al., 2000) . Although apoptosis and necrosis are two separate fundamental aspects of cell death, the most recent findings suggest that cell death often falls somewhere between the two extremes in the spectrum. Cell death bearing both apoptotic and necrotic features can be induced by glutamate, zinc, or oxygen-glucose deprivation in mouse cortical neurons Cheung et al., 1998; Sohn et al., 1998; and by other insults in various cells (Papadimitriou et al., 1994; Tsujimoto et al., 1997; Villalba et al., 1997; Okuno et al., 1998; Miller et al., 2000; Park et al., 2000) . Features of mixed death may also be found in a number of other studies (Molthagen et al., 1996; Warny and Kelly, 1999) , including those of myocardial cells after coronary artery occlusion and reperfusion in vivo (Takashi and Ashraf, 2000) and in the adult or newborn rat brain (Portera-Cailliau et al., 1997) . After hypoxic ischemia in the newborn rat, "hybrid" neuronal cells with intermediate ultrastructural characteristics similar to the mixed death shown in this study were observed (Nakajima et al., 2000) . Accumulating evidence, therefore, demonstrates that mixed or hybrid cell death is common either in vitro or in vivo under different pathological conditions.
Rather than debating whether atypical cell death with mixed Figure 9 . Ouabain-induced ultrastructural alterations and effects of nifedipine and high K ϩ medium. Electron micrographs show a control neuron and reveal striking morphological distinctions after different treatments. The normal cortical neuron has a relatively small cytoplasm and a large nucleus; the cell and cellular organelles are surrounded by intact membranes. Approximately 15 hr after incubation in 100 M ouabain and 1 M MK-801, injured cells show apoptotic features such as highly condensed nuclei and dark chromatin clumps (arrow) accompanied by necrotic changes, including cytoplasmic edema manifested by vacuolization and decreased cytoplasmic density, loss of cellular organelles, and breakdown of the plasma membrane. In another experiment, the Ca 2ϩ channel antagonist nifedipine (1 M), coapplied with ouabain, mostly eliminated necrotic alterations. Two representative injured cells show typical apoptotic morphology, including highly condensed nuclei and cytoplasm, dark chromatin masses (pyknosis) with or without fragmentation, intact cellular organelles, and intact plasma membrane. Reducing K ϩ efflux, on the other hand, by raising extracellular K ϩ to 25 mM resulted in the morphological pattern of necrotic injury in most cells. A representative cell shows that ouabain in the high K ϩ medium induced chaotic alterations in the swollen cytoplasm. No single intact cellular organelle can be detected in the cell; instead, lucent vacuoles appear in the cytoplasm. The cell membrane is deteriorating, but there is little or no nuclear/cellular shrinkage and no chromatin condensation or fragmentation. Scale bars, 2.0 m. N, Nucleus; C, cytoplasm; M, mitochondria; V, vacuole. pathological features fulfills criteria for apoptosis or necrosis, we propose that this hybrid injury be recognized as a distinct form of cell death. We believe that this approach is necessary and of practical use for classifying widely observed but conceptually confusing lethal cellular events. The identification of hybrid death is particularly relevant to situations in which cells face multiple insults accompanied by impaired energy metabolism and elevated levels of endogenous ouabain. Study of the hybrid cell injury may facilitate the development of better therapies for this broad category of pathological conditions. Figure 10 . Ouabain-induced K ϩ efflux-sensitive and caspase-dependent neuronal death in low C a 2ϩ or low Na ϩ conditions. A 3 hr exposure to 80 M ouabain plus 1 M M K-801 in a low C a 2ϩ (0.1 mM C aC l 2 ) or a low Na ϩ (60 mM NaC l) medium induced a dominant neuronal death that was highly sensitive to block by 25 mM K ϩ or Z-VAD-FM K (100 M). Without ouabain, the low C a 2ϩ or low Na ϩ medium was not toxic (3 hr exposure; data not shown). In the low C a 2ϩ medium containing a normal concentration of Na ϩ , the C a 2ϩ channel antagonist nifedipine (1 M) did not show any effect on the neuroprotection produced by elevated K ϩ , whereas combination of high K ϩ and the Na ϩ channel blocker TTX (1 M) completely prevented cell death. In the low-Na ϩ medium containing normal C a 2ϩ , an additional protective effect was obtained by combining high K ϩ and nifedipine (TTX was not tested in this paradigm). C ell death is normalized to the injury induced by 80 M ouabain in medium containing normal concentrations of C aC l 2 (1.5 mM) and NaC l (120 mM) (M EM supplemented with glucose, FBS, HS, and EGF; see Materials and Methods). This medium was used to wash out ouabain after the 3 hr incubation. C ell death was measured by LDH release 24 hr after the onset of exposure. Osmolarity was maintained by adding appropriate amounts of NMDG and HC l; pH was 7.4. n ϭ 8 -32. *p Ͻ 0.05 compared with ouabain alone. Figure 11 . Cell death models for necrosis, apoptosis, and hybrid death. A, The conventional cell death model predicts that necrosis and apoptosis are triggered by separate insults and exhibit typical distinctive morphological changes in injured cells. B, Emerging opinion suggests that the same insult may induce either necrosis or apoptosis in different cells; alternatively, a necrotic injury may convert to apoptotic injury or vice versa. C, Recent observations and the present study support the third possibility that a single or multiple insult(s) may trigger parallel pathways leading to necrotic and apoptotic damages in the same cells, identified as hybrid cell death.
